Summary: Genetic animal models of inherited neurological diseases provide an opportunity to test potential treatments and explore their promise for translation to humans experiencing these diseases. Therapeutic trials conducted in mouse models of Huntington's disease have identified a growing number of potential therapies that are candidates for clinical trials. Although it is very exciting to have these candidates, there has been increasing concern about the feasibility and desirability of taking all of the compounds that may work in mice and testing them in patients with HD. There is a need to begin to prioritize leads emerging from transgenic mouse studies; however, it is difficult to compare results between compounds and laboratories, and there are also many additional factors that can affect translation to humans. Among the important issues are what constitutes an informative genetic model, what principals should be followed in designing and conducting experiments using genetic animal models, how can results from different laboratories and in different models be compared, what body of evidence is desirable to fully inform clinical decision making, and what factors contribute to the equipoise in determining whether preclinical information about a therapy makes clinical study warranted. In the context of Huntington's disease, we will review the current state of genetic models and their successes in putting forward therapeutic leads, provide a guide to assessing studies in mouse models, and discuss some of the salient issues related to translation from mice to humans.
INTRODUCTION
Genetic models have revolutionized the study of human neurological diseases by providing accurate and experimentally accessible systems in which to study molecular pathogenesis. Genetic models also provide an opportunity to test potential treatments and explore their promise for translation to humans experiencing these diseases. The promise of using genetic models for treatment discovery is perhaps greatest in inherited diseases, such as Huntington's disease (HD), which affect single genes. Although making the therapeutic leap from genetic models to humans fulfills one of the promises of molecular medicine, it also brings risk to human subjects and expends human and financial resources. Thus, how data from experiments using genetic models are used to inform choices about clinical trials requires reflection and examination. Among the important issues are what constitutes an informative genetic model, what principals should be followed in designing experiments using genetic models, what body of evidence is desirable to fully inform clinical decision making, and what factors contribute to the equipoise in determining whether preclinical information about a therapy makes human study warranted.
Genetic models encompass a variety of assays in which the mutant gene or some portion of it has been introduced into living organisms which experience a phenotypic response in some measure indicative of the human disease. These include cell culture models in which the outcome measure is cytotoxicity or some structural or biochemical measure related to pathogenesis and which are especially suited for high-throughput screening, lower organisms such as Drosophila, Caenorhabditis elegans, or zebrafish, which provide a more salient context for the genetic mutation and opportunity for genetic analyses, and mammalian models, usually transgenic, knock-in, or knockout mice, in which the disease expression and response to potential therapies can be quite close to what occurs in humans. Candidate therapies may arise from experiments using any of these models based on hypotheses about the disease mechanisms. In addition, screening of high-throughput assays using libraries containing thousands to millions of small molecules can bring candidate therapies forward based on obtaining a desired biochemical or cellular phenotype, irrespective of knowledge about mechanism of action. However, as leads arise, proof of efficacy in mammalian models is considered a requisite before considering possible testing in humans. For compounds already in the pharmacopoeia, it can be easy to contemplate rapid translation to clinical trials. For compounds that are not yet pharmaceuticals or nutriceuticals, efficacy in mammalian models would lead first to standard preclinical pharmacokinetic, toxicity, teratagenicity studies, and perhaps the development of more promising analogs before testing can begin in humans. When selecting compounds for study in preclinical experiments, we have prioritized compounds already in human use because of the indispensable knowledge base that comes with them and the existence of pharmaceutical material ready for human use.
Transgenic mouse models of HD have been extensively used in the last several years to test potential therapies. Although most studies have concentrated on compounds that have already had human use, we are also beginning to test leads arising from screens performed in cellular and submammalian models. Some of the compounds that we have demonstrated to be efficacious in transgenic mice have gone on to clinical testing, often in trials we also participated in designing. Through this experience and discussions with many others, we have developed a perspective about using transgenic mouse experiments to stimulate and guide human clinical trials. We also encountered a wide range of thoughts in the HD research community, from the opinion that preclinical studies in mouse models are of limited significance because mice and humans are so different, to suggestions that there should be rigid criteria for success in the mouse models before a therapy is considered for clinical trials. It is quite complex to consider what constitutes sufficient data from mouse models to justify translation to humans. The lack of a proven neuroprotective therapy for HD also effects the equation by keeping the level of urgency high.
Because the numbers of clinical trials in HD have increased, as has the number of compounds with favorable transgenic mouse data, there has been increasing concern about the feasibility and desirability of taking all the existing drug compounds that may work in mice and testing them in HD patients. Though there is a need to begin to prioritize leads emerging from transgenic mouse studies, it may be difficult to compare results between compounds and laboratories. There are also many additional factors that can affect the overall desirability of compounds, such as availability from a manufacturer, expected toxicity, redundancy of mechanism, and the nature of potential interactions with other agents. As yet, there have been insufficient fully powered clinical trials in humans to permit a comparison of therapeutic benefits in the two species (mice and human) for any given therapy. Thus it has not yet been confirmed that experiments demonstrating improved phenotype in transgenic mice are predictive of benefits in humans. Similarly, it is unknown whether the magnitude of benefit in mice predicts the magnitude of benefit in humans. Nevertheless, results from human clinical trials will illuminate the value of mouse clinical trials in the foreseeable future. In the meantime, there are clinical trials being planned, a growing list of therapies that are effective in mouse models, and a need for discussion about how transgenic mouse therapeutic trial data can best be used. In the context of Huntington's disease, we will review the current state of such studies, provide a guide to assessing them, and discuss some of the salient issues related to translation from mice to humans.
Genetic mouse models of HD
The ideal transgenic mouse model would have the following: 1) a robust phenotype, 2) rapid disease onset and progression, 3) well defined neurobehavioral abnormalities, which can be quantified, 4) neuropathological findings which accurately mirror human HD, and 5) limited variability to enhance study power. Multiple mouse models of HD now exist, falling into three broad categories: 1) mice expressing fragments, usually the first one or two exons of the human huntingtin gene that contain the polyglutamine expansion (in addition to both alleles of murine wild-type huntingtin, Hdh), 2) transgenic mice expressing the full-length human HD gene with an expanded polyglutamine tract (plus the murine Hdh), and 3) knock-in mice with pathogenic CAG repeats inserted into the existing CAG expansion in murine Hdh. All of these models share features with human HD. Not surprisingly, the degree of similarity to human HD increases the closer the model reproduces the exact neuropathological and molecular conditions for HD. Unfortunately, the more genetically accurate the model, the more variable and subtle the phenotype. Thus, it has so far been much more feasible to use the fragment models for therapeutics research because the outcomes are more prevalent and definable; hence, trials can be conducted using smaller sample sizes. An emerging strategy is to use the fragment models for most experiments and fulllength transgenic or knock-in mice for confirmatory studies once the potential of a compound has been established. Until there is more feedback from human ther-apeutic trials, it will not be known whether the fragment mice can stand on their own as predictors of responses to therapies or whether the full-length models are even necessary. Meanwhile, efforts continue to optimize phenotypes for practical use as therapeutic outcomes. We will describe some of the mouse models to illustrate how they can be used and some of their differences.
The first transgenic mouse model of HD was the R6/2 mouse which has a small N-terminal fragment (exon 1) of huntingtin with ϳ150 CAG repeats. 1 The R6/2 model has a well characterized progressive phenotype with moderate variability such that experimental groups can contain as few as 10 mice and provide the power to detect 10% differences in many outcome measures. It is possible to perform survival studies, an important potential surrogate indicator for neuroprotection, in approximately 3 months. R6/2 mice have been used in a number of preclinical therapeutic trials. Although the R6/2 model displays many of the behavioral and neuropathological features observed in HD patients, it is not a perfect genetic and neuropathological match to what is observed in humans. In particular, the R6/2 mice have more extensive huntingtin aggregate formation than occurs in HD, they are resistant to excitotoxicity, and neuronal loss is less selective and dramatic. Nevertheless, the efficiency and clear experimental endpoints of the R6/2 mice remain a major advantage; 2 thus, they have been used extensively.
The N-171-82Q mice have a longer N-terminal fragment of huntingtin (exon 1 and 2) with 82 polyglutamines. 3 These mice have a less well defined neurobehavioral phenotype than the R6/2 mice. Their neuropathological features are more similar to human HD in that huntingtin aggregates are more prominent in cortex than in striatum and neurodegeneration is more prominent and seems more selective for the striatum. 4 However, the phenotype is more variable than that observed in the R6/2 mice, and therefore a much larger number of mice are necessary to provide adequate power; a minimum of 20 mice in each treatment group is necessary for many outcome measures used in preclinical drug trials. We and others found the N171-82Q mice to be a useful model for testing potential therapies. [5] [6] [7] [8] [9] [10] Interestingly, dietary restriction of these mice improves survival by about 2 weeks.
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Transgenic mice with full-length huntingtin containing 48 or 89 CAG repeats have been described that show behavioral abnormalities and neuron loss 12 but have not been available for use in therapeutic discovery. A yeast artificial chromosome mouse model of HD with the entire human huntingtin gene containing 128 CAG repeats (YAC 128), as well as flanking segments that might include regulatory elements, develops motor abnormalities consisting of initial hyperactivity followed by difficulty walking along an elevated rotating rod from 6 to 12 months, and then hypokinesis. 13 These mice show a loss of cortical and striatal neurons, which correlate with behavioral changes. Although neuropathology has greater fidelity with human HD, variability and the length of time for phenotype development may hinder the use of this model for treatment paradigms. New transgenic mice, created using bacterial artificial chromosomes, look promising. 14 These mice have 226 CAG repeats in the full-length human huntingtin gene. They show movement abnormalities such as tremor, head bobbing, circling, and hyperactivity around 10 weeks of age. At 4-5 months they become hypoactive and, subsequently, die at 6-7 months of age. They have selective neuronal loss in both the striatum and cerebral cortex. Although transgenic mice expressing a full-length mutant huntingtin have not yet been used in a published therapeutic discovery experiment, there are many efforts underway.
Knock-in mice represent the most precise genetic model of HD and a number of lines have been made. A knock-in Hdh mouse with 72-80 CAG repeats shows aggressive behavior and neuropil aggregates, but no gliosis or neuronal loss. 15, 16 The Hdh QIII knock-in mice have 111 CAG repeats inserted into the murine HD gene. 17 The mice develop a progressive neuropathological phenotype with specificity for striatal neurons, consisting of nuclear localization of the full-length huntingtin protein in medium spiny neurons, and subsequent formation of N-terminal inclusions and insoluble aggregates. The mice eventually develop a mild depletion of striatal neurons, although they do not develop a behavioral phenotype. 18 Another knock-in mouse model with 150 CAG repeats has late-onset gait abnormalities and develops neuronal intranuclear inclusions predominantly in the striatum. 15 Lastly, a knock-in mouse with 94 CAG repeats has increased rearing at night at 2 months of age, decreased activity at 4 and 6 months, but a normal lifespan. 19 Nuclear microaggregates were present at 4 months and were widely distributed at 6 months of age in these mice. So far, the knock-in mouse lines do not have a sufficient expression of disease to use progressive morbidity and survival as an endpoint; however, they do have a variety of measurable neuropathological and behavioral phenotypes that could be validated as potential endpoints in therapeutic studies.
Methodological considerations for mouse therapeutic trials
As in human clinical trials, the use of appropriate methodology in mouse trials determines whether the experimental outcomes are valid and useful. Many of the same considerations apply to both human and mouse trials but are not always considered in the latter. For example, blinding of study personnel about the treatment condition of the animals they are studying should be standard practice. Power analyses are necessary to establish whether the study has sufficient numbers of mice for each endpoint. Whereas in human trials enormous vari-ability in clinical measures is common, in mouse trials it is possible to minimize measurement variability and thereby increase the power to detect smaller differences in smaller groups. It is important to understand the genetic, physical, and environmental sources of variability to take advantage of this.
An estimation of the sample size is a critical first step. The numbers of mice for preclinical studies must be carefully considered and reflect the different outcome measures to be analyzed. Our experience with survival studies has been that a minimum sample size of 10 per treatment group in the R6/2 transgenic mice and a sample size of 20 per group in the N171-82Q transgenic mice are necessary to have an 80% power of detecting a 30% difference between groups. Our experience with neurohistopathological measures and neurochemical assays has shown that a standard deviation of 15-20% can be expected. A similar power analysis suggests that to detect a 30% difference between groups a sample size of 10 is necessary for each cohort.
As in human clinical research, it is important to have inclusion and exclusion criteria, which should be predetermined. For example, there is good reason to consider excluding "runts" (we routinely exclude mice weighing less than 8 g at 21 days), mice with injuries, mice in which there is drift of their transgene (which must be monitored), and mice unable to perform some of the planned evaluations, such as the rotarod.
2 Treatment groups should be genetically comparable. In particular, there should be methods to prevent overrepresentation of sibs in any group. For example, it can be predetermined that no more than one or two mice from any litter be in a given experimental group. The environment in which these mice are housed and treated needs to be uniform, because environmental enrichment slows disease progression. 20 Another important consideration is the onset and duration of treatment in mouse trials. Initiation of treatment at weaning, as has been most common, is analogous to treating presymptomatic humans. Initiation of treatment once a motor or other phenotype is evident would be analogous to most human trials for HD, which have generally used early symptomatic subjects. There has only been one mouse trial published, which tested creatine, in which treatment was initiated during symptomatic stages. 21 There are many potential outcome measures that can be used in mouse therapeutic trials. These bear close examination because they can differ enormously in relevance with some clearly being much more informative and specific than others. In neurodegenerative disease research we are especially concerned with achieving neuroprotection, which at its most basic level is the preservation of neuronal processes, somata, and function. Measures that assess these directly (brain weight, gross atrophy, cellular atrophy, neuronal counts, gliosis, volumetric imaging) should be considered the primary outcome measures. Although it may also be possible to model the treatment of symptoms in genetic models and it may also happen that improving symptoms corresponds to neuroprotection, assessments of symptoms should be considered secondary outcome measures. The reason for this is that symptoms can be modified without affecting neurodegeneration; for example, by modifying motivation, level of consciousness, energy, etc. This distinction is important to keep in mind when considering how informative the results of a mouse therapeutic trial might be for considering translation to humans. A treatment cannot be considered to be neuroprotective in mice in the absence of neuropathological evidence that brain atrophy, cellular atrophy, or neuronal loss has been prevented. The quality of neuropathology in mouse therapeutic trials is therefore of foremost importance. It should also be mentioned that other neuropathological measures, such as protein aggregate load or the expression of molecules of interest, are only meaningful if brain atrophy, cellular atrophy, or neuronal loss are measured to provide a context for interpreting them.
In our labs, cohorts of treated and untreated wild-type and mutant littermate mice are euthanized at early, moderate, and late stages of their phenotypes for neuropathological analysis. Standardization of tissue processing is critical to the analysis. As an example, cut tissue sections mounted from water will expand and those mounted from phosphate buffer will contract, resulting in entirely different brain measures. Brain specimens are identified by the originally assigned code so that the subsequent studies are performed blind to the investigator as to the genetic identity and treatment of the mice. Quantitative methods are essential, because observation alone can only detect large differences and semiquantitative methods are prone to many types of errors. We use stereology to obtain various brain and cellular volumes and counts and also to quantify other pathological features, such as huntingtin aggregates.
Secondary outcome measures include survival, body weight, performance on motor and cognitive tasks, and laboratory studies examining toxicity or putative mechanisms of action. Mouse survival or a surrogate for mouse survival, which are usually criteria for advanced morbidity that agrees with the animal care policies of an institution and triggers euthanasia, is an especially useful secondary outcome measure. Survival provides a useful first-pass screen that can be assessed as the main outcome in pilot studies, analogous to phase II studies in humans, to assist in deciding whether more extensive studies are warranted and to help design them. Besides generally correlating well with neuropathology, it provides a relevant measure of the magnitude of benefit that is both understandable and enables ready comparison with other therapies. A dose versus survival study is recommended, using at least three doses, to help determine an optimal dose and to learn whether therapeutic benefits stabilize (saturate) or decline past that optimum. It is important to observe mice in any treatment paradigm twice daily throughout the experiment for any signs of morbidity and mortality. Strict criteria are necessary to determine when mice should be euthanized. Although this may vary between institutions, our own criteria for euthanization is the point in time when the mice are unable to initiate movement and right themselves after being placed upon their side and gently prodded for 30 s. Two independent observers confirm these criteria.
Although body weight has often shown early and significant improvements in some mouse therapeutic trials, little effect has also been observed in other trials despite dramatic improvement in survival. Our practice is to measure body weight weekly, on the same day, usually from the time of weaning. Diurnal feeding habits necessitate that weights be taken at the same time, morning or afternoon. As mice progress toward the latter stages of disease, we usually increase the frequency of weighing to twice weekly.
A variety of motor tasks have been used in mice to assess the clinical phenotype. These include measuring activity and grooming, the length of time a mouse can balance on a rotating rod, grip strength measurement, and gait. Preserved motor performance closely correlates with improved survival and neuroprotective outcomes, though compounds affecting the CNS can also have pharmacological effects. The rotarod test, in which mice are required to walk along an elevated rotating rod, is generally accepted as the most sensitive and encompassing and is widely used. This equipment is commercially available and its use has been standardized within most laboratories. In the fragment models, we perform testing twice weekly. There are a number of variations of rotational speed and whether the rod is at a constant speed or accelerating, which investigators have applied. The length of time that the mice remain on the rotating rod is used as the measure of competency on this task. Mice are tested until they are unable to perform. On any given day, mice may fail or refuse to perform this task. If this occurs early on in the time course of disease phenotype, additional repeated trials the next day may be useful to ensure that performance failure is a reflection of disease. In the absence of a rotarod apparatus, the onset of forelimb and hindlimb clasping, a measure of neurological abnormality in HD mice, can be assessed daily until identified and confirmed by a second investigator. Interrater variability and methodological differences between labs can make it difficult to use motor tasks for comparing the relativity efficacy of one treatment to another.
Declining cognition occurs early in HD and the mouse models are expected to develop cognitive deficits as well. However, few cognitive assessments have been validated in the mouse models currently in use. In the fragment models, it is difficult to complete training before the phenotype has already compromised performance. Nevertheless, water maze and prepulse inhibition have been used by a number of investigators and efforts to develop further cognitive tests, such as serial reaction time and other implicit memory tasks are ongoing. Cognitive endpoints may prove valuable in the full-length models in which motor symptoms are slow to develop.
Open Field Testing, which assesses general activity, is a complex measure that may be most useful in the fulllength models that progress more slowly. Commercially available units to detect movement can analyze and quantify motor behaviors. Testing is usually performed during the dark phase of the diurnal cycle when mice are most active. Measurements can be made during the first 15-30 min interval after placement in a novel open field. Horizontal and vertical motions can be counted and locomotor activity, rearing, circling, and grooming assessed. The open field box must be cleaned between mice to prevent behavioral effects from the odors of previous occupants. Testing is performed once a month to avoid habituation to the open field and to ensure novelty of the measured behavior. There can be some specific differences in the patterns of behaviors observed. For example, some HD mice seem to continually repeat an abortive grooming process.
A behavioral observation system, SHIRPA, is a threestage semiquantitative protocol designed to characterize phenotype changes in mice. In therapeutic trials, behavioral and functional changes are scored by an observer blinded to treatment. 22 A composite score is calculated following the assessment. A modified SHIRPA has been developed for longitudinal use in mice with neurological disease. 23 The utility of such a behavioral protocol is in its standardization and may be a useful cross-measure for all laboratories performing therapeutic drug trials in mice with neurological disease. The scoring, however, requires detailed scrutiny of some behaviors and function in HD mice that are subject to interpretation, such as limb clasping and physical appearance. For this reason, it is important to maintain observer consistency throughout a study.
Several types of laboratory studies contribute crucial information that can greatly enrich the preclinical information about a compound. Pharmacokinetic analysis of the study compound, its metabolites, or of molecules expected to be affected by the treatment help insure that the compound reaches the brain and performs as expected. Pharmacokinetic studies are useful in combination drug trials to examine the effects on bioavailability of one compound on the other compound. Additionally, understanding effective doses and brain levels in mice can set the stage for asking whether such doses and levels can be achieved in humans. In our experience, 0.5-1.0 ml of blood is required to produce sufficient serum for testing levels of agents and it is collected by cardiac puncture, requiring euthanization. HPLC with electrochemical detection along with spectrometric analysis are the methods of choice. 21, 24 Because pharmacokinetic studies require a great deal of effort, our approach has been to use them only when it appears that a compound has real promise for preclinical drug trials proceeding toward human trials. In addition to pharmacokinetic studies, it can be very helpful to perform biochemical studies aimed at determining whether the expected mechanism of action of a compound is actually working. This can be important because many compounds have multiple potential mechanisms of action. It is additionally important to determine whether any of the treatments might work by suppressing the expression of the huntingtin transgene, since this might help the mice but not humans in the absence of identical regulation. This is especially important in mouse lines in which expression is regulated by exogenous promoters and for drugs that affect aggregate formation and gene transcription. 25 Transgene expression can be analyzed using Western and Northern assays, as well as reverse transcription-polymerase chain reaction methods.
Translation from genetic models to humans
Many potential therapies have now been tested in genetic models of HD and some have been demonstrated to be neuroprotective in HD transgenic mice (Table 1) . Efficacy in mouse trials has provided the rationale for a number of clinical trials that have already occurred or are planned. These include coenzyme Q10, 26 creatine, remacemide, 26 riluzole, 27 minocycline, ethyl-eicosapentaenoic acid, 28 phenylbutyrate, and cysteamine. Most of these have been early-phase clinical trials, so the predictive value of the mouse therapeutic trials are not yet known. However, because these are actually very good models at many levels of analysis, it would be surprising if some compounds benefiting the mouse models did not prove to benefit humans with HD. Since clinical trials may be expensive, effortful, and years in length depending on the type, there is growing discussion within neurodegenerative disorder clinical trials organizations, such as the Huntington Study Group and sponsors about how much preclinical information is enough and how to prioritize among many efficacious compounds. 29 Of course the bar should be higher for later-phase trials and higher when the interventions have greater potential for risks to human subjects.
The impact therapeutic trials in genetic models can have on selecting compounds for clinical trials in humans depends on many factors relating to the quality and breadth of the preclinical data, as well as on the potential risks and benefits to performing the clinical trials. We provide a schematic to illustrate many of the factors that 
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are important for testing therapies in transgenic mice and considering translation to human clinical trials (FIG. 1) . Of course, the highest quality studies and those with the most robust neuroprotection should have the greatest impact. Neuropathological evidence of neuroprotection remains the most important finding with all other outcomes potentially providing some additional support. Since the numbers of compounds demonstrating some efficacy continues to grow, an issue of growing importance is the question of how to compare their efficacy to better prioritize their translation into human studies. Because procedures differ between labs, because the models have many differences, and because even the same mouse line can have different phenotypes in different labs because of genetic drift or background strain differences, it is difficult to compare the magnitude of the effect of one treatment with another. We would propose that laboratories performing therapeutic trials in mouse models use positive controls to help place their results in context. For example, several labs have replicated benefits with cystamine, so including a cystamine treatment cohort in trials of more novel therapeutics could help calibrate results. 24, 30, 31 Because the quality of a preclinical therapeutic trial is so dependent on the methodological approaches used, it is vital that publications describing them permit a critical appraisal. This is especially important because results can greatly influence the conduct of human clinical trials. Thus their design, conduct, and analysis must be accurately and fully described. A growing proportion of clinical investigators and journal editors support a published standard for reporting randomized human clinical trials known as the Consolidated Standards of Reporting Clinical Trials (CONSORT) standards. 32 Although the CON-SORT standards include some considerations that have no counterpart in animal studies, they can provide a useful guide to preclinical investigators for reporting their results, and we recommend that investigators familiarize themselves with them. As the numbers of preclinical animal trials increase and conflicting results arise (for example, minocycline studies in HD models 33, 34 ), there may be a need to develop an analogous standard for reporting.
Beyond the results from individual preclinical therapeutic trials, other information that can increase the priority of a compound for translation to humans include replication in additional labs, replication in more than one mouse model, novelty (working through a mechanism for which other drugs are not yet available), evidence of positive synergy with other compounds likely to have human use, positive results in other types of models of disease (toxin models, invertebrates, cell culture), scientific evidence that the mechanism of action might be especially early in the cascades of pathogenesis, low expected toxicity, pharmacokinetic or other information that suggests some comparability in human dosing can be achieved, the potential for a useful biomarker in humans reflective of the biological activity of the compound, and of course constraint-free availability of pharmaceutical-grade compound for human trials.
